Changes in colony morphology were associated with the degeneration of solvent-producing strains of Clostridium acetobutylicum. The most efficient solvent-producing strains gave rise exclusively to colonies with dense centers containing large numbers of spores. Many outgrowths of various morphologies developed from the perimeter of such colonies after several days of incubation. The most degenerate cultures did not produce solvents and gave rise to large diffuse colonies that did not contain spores. These diffuse colonies did not produce outgrowths. Intermediate colony types were also observed. These could be derived from liquid cultures that were relatively poor solvent producers or from the outgrowths of colonies of efficient solvent-producing strains. Some of these intermediate types produced spores but did so less frequently than the high-solventproducing strains. The spores of the intermediate types could not be distinguished from those of the most efficient solvent producers on the basis of heat sensitivity. The relationship observed between colony morphology and solvent production provides a method for predicting the solvent-producing potential of C. acetobutylicum cultures.
The rapid degeneration of Clostridium acetobutylicum and related species from solvent-producing organisms to ones that produce only organic acids has been observed by many workers. This phenomenon contributed to the problems encountered in the commercial application of the organisms for acetone and butanol production (4, 7, 10; E. McCoy and E. B. Fred, J. Bacteriol. 41:90-91, 1941). The loss of solvent-producing ability is usually accompanied by the loss of ability to produce spores. Therefore, it is frequently possible to predict the likelihood that a culture will produce solvents by observing its ability to form spores. However, it has been demonstrated that some strains that fail to produce mature spores but do reach the clostridial stage continue to make solvents (6, 9) . In this report we present data demonstrating that colony morphology can be used as a reliable and sensitive indicator of solvent-producing ability. In addition, we established that degeneration can occur in a series of steps and that the appearance of degenerate types is a spontaneous event which does not require intentional exposure to chemical or physical agents.
MATERIALS AND METHODS
Bacterial strains and growth conditions. C. acetobutylicum NRRL B643 was obtained from P. Rogers Determination of colony morphology by microscopic observation. NYG agar plates containing 10 to 50 colonies were observed with a low-power microscope (magnification, x 10 to x 15). The light source was arranged so that light impinged obliquely on an opaque sintered-glass surface before being transmitted through the colonies. To achieve even greater contrast, a 1% aqueous solution of Coomassie blue R250 (Miles Laboratories, Inc., Elkhart, Ind.) was pipetted onto agar plates containing 3-to 5-day-old colonies. The dye was allowed to cover the colonies for 1 to 2 min, and then the excess was decanted.
Determination of heat sensitivity of spores. Samples (0.5 ml) of sporulated cultures in potato medium were spread in sterile plastic petri dishes and allowed to air dry at 37°C for 3 to 5 days before being suspended in NYG. A set of 0.2-ml samples of this suspension in thin-wall glass tubes was put into a 90°C circulating water bath. Periodically, samples were withdrawn, diluted rapidly in NYG, and plated on the surface of NYG agar.
Determination of solvent production. The cultures were assayed for ethanol, acetone, butanol, acetic acid, and butyric acid by injecting supernatants from centrifuged culture samples into a Shimadzu GC-9A gas chromatograph equipped with a flame ionization detector and a 2-m stainless steel column packed with Poropak Q (80/100 mesh). The samples were assayed under the following conditions: column temperature, 180°C; injector temperature, 250°C; detector temperature, 250°C; carrier gas, argon; flow rate, 50 ml/cm2. Determination of cell size by flow cytometry. Cell size was determined with an Ortho 50H Cytoflyorograph (Ortho Diagnostics, Inc., Westwood, Mass.), interfaced to an Ortho 2150 computer, by previously published methods (12) . Cell size was measured as a function of light scattered in the forward direction. 
RESULTS
A typical 4-day-old colony derived from a vigorous solvent-producing, sporeforming culture of strain NRRL B643 is shown in Fig. 1A . All of the colonies produced from cells or spores taken from such a liquid culture had the dark centers and lighter outgrowths seen in Fig. 1A . If these colonies were observed after only 1 to 2 days of incubation, they appeared as dark, roughly circular structures 1 to 2 mm in diameter. No outgrowths were visible. When liquid cultures were repeatedly transferred in a rich medium (NYG) or were allowed to incubate for many days, cells producing colony types such as those seen in Fig. 1B, C, were indistinguishable when observed by phase microscopy or flow cytometry. However, cells from type IV cultures were readily distinguished from the other three types, particularly when observed during the late log or early stationary phase. Type IV cells were relatively long and slightly thinner than cells of the other types. No clostridial or sporangial forms were observed. This observation, first made microscopically, was confirmed by quantitative flow cytometric data (Fig. 2) . The average late log, type IV cell was twice the size of the average type I, II, or III cell. In addition, the range of cell sizes was greater for type IV cells.
When observed by phase microscopy, the spores produced by either type II or III cultures were indistinguishable from those produced by type I cultures. They were also indistinguishable on the basis of heat sensitivity. Approximately 90% of the spores of each type were inactivated by heating at 90°C for 3 min. However, when type II or III spores were plated, they gave rise only to type II or III colonies, respectively. They did not produce type I colonies.
Quantitative data on some properties of liquid cultures derived from the four types of colonies are presented in Table 2 . A correlation between colony type, solvent produc- tion, and the ability to form spores was observed. It is this correlation that forms the basis of the method for predicting solvent production based on colony morphology. A similar correlation was observed for all strains of C. acetobutylicum tested. DISCUSSION Changes in bacterial colony morphology associated with altered biological and biochemical properties have been observed frequently. At one time, this phenomenon, usually referred to as dissociation, occupied the attention of many (2) . A theoretical treatment of the development of colony outgrowths based on differential growth rates of individual cells and their progeny has been presented (11) . Our current observations are an extension of earlier work and provide a practical method for predicting the solventproducing potential of C. acetobutylicum cultures. The observations also provide a way of monitoring the degeneration of cultures and may eventually be useful in efforts to explain and control this phenomenon.
Liquid cultures of C. acetobutylicum that produced only type I colonies consistently produced high levels of acetone and butanol, whereas cultures that yielded only type IV colonies produced little or no solvents. Of the cultures that produced type II or III colonies, some produced significant levels of solvents, whereas others did not. Liquid cultures that contained mixtures of the colony types produced intermediate levels of acetone and butanol.
In at least one previous report, an outgrowth from a C. acetobutylicum colony, probably corresponding to our type IV, was noted (5). However, it was not recognized that several types of outgrowths occur and that they represent various stages in the degeneration of a culture. The use of colony type to predict solvent-forming efficiency was not suggested. Earlier workers have also reported the isolation of sporulation and solvent "mutants" after treatment with mutagenic agents but failed to note that these same mutants can be isolated from the edges of all mature type I colonies (8, 9) . It is possible that the chemical agents used as mutagens were acting only as selective agents in these earlier experiments.
In addition to the use of colony morphology to predict solvent-forming efficiency, our results help in predicting the likelihood that spore selection will "regenerate" a good solvent producer. If a liquid culture contains spores that give rise to a mixture of type I, II, and III colonies, it will probably not be possible to reestablish an efficient solventproducing strain by repeated heat treatment or other selection for spores. This is because the heat sensitivity of all three types of spores is equivalent and they will each continue to produce their respective cell types. It would, however, be possible to select an efficient solvent producer by plating the spore mixture and establishing a liquid culture from the center of an immature type I colony.
The detailed mechanism accounting for degeneration is yet to be described. It probably involves spontaneous events affecting the efficiency of sporulation. In a nutrient-rich anaerobic environment, the cells with the least tendency to sporulate will eventually predominate. We hope that the ability to correlate solvent production, colony morphology, and spore production will eventually lead to further understanding of degeneration.
